ABSTRACT Homologous recombination (HR) repairs cytotoxic DNA double-strand breaks (DSBs) with high fidelity. Deficiencies in HR result in genome instability. A key early step in HR is the search for and invasion of a homologous DNA template by a single-stranded RAD-51 nucleoprotein filament. The Shu complex, composed of a SWIM domain-containing protein and its interacting RAD51 paralogs, promotes HR by regulating RAD51 filament dynamics. Despite Shu complex orthologs throughout eukaryotes, our understanding of its function has been most extensively characterized in budding yeast. Evolutionary analysis of the SWIM domain identified Caenorhabditis elegans sws-1 as a putative homolog of the yeast Shu complex member Shu2. Using a CRISPR-induced nonsense allele of sws-1, we show that sws-1 promotes HR in mitotic and meiotic nuclei. sws-1 mutants exhibit sensitivity to DSBinducing agents and fail to form mitotic RAD-51 foci following treatment with camptothecin. Phenotypic similarities between sws-1 and the two RAD-51 paralogs rfs-1 and rip-1 suggest that they function together. Indeed, we detect direct interaction between SWS-1 and RIP-1 by yeast two-hybrid assay that is mediated by the SWIM domain in SWS-1 and the Walker B motif in RIP-1. Furthermore, RIP-1 bridges an interaction between SWS-1 and RFS-1, suggesting that RIP-1 facilitates complex formation with SWS-1 and RFS-1. We propose that SWS-1, RIP-1, and RFS-1 compose a C. elegans Shu complex. Our work provides a new model for studying Shu complex disruption in the context of a multicellular organism that has important implications as to why mutations in the human RAD51 paralogs are associated with genome instability.
D
NA double-strand breaks (DSBs) are extremely cytotoxic lesions that threaten genome integrity. DSBs arise from both endogenous sources, such as replicative damage, or exogenous sources, such as ionizing radiation (IR) and chemotherapeutic agents. To ensure the maintenance of the genome, DSBs need to be repaired by high-fidelity repair pathways, the most robust of which is homologous recombination (HR), in which DNA from a sister chromatid or homologous chromosome provides a repair template. Initial processing of DSB ends by resection forms 39 singlestranded DNA (ssDNA) overhangs that are coated with the ssDNA-binding protein RPA. The exchange of RPA for the recombinase enzyme RAD51 facilitates the homology search and strand invasion of homologous DNA templates to form displacement loop structures. Subsequent stabilization of HR intermediates then requires removal of RAD51 from the doublestranded DNA to allow access to the DNA polymerization machinery. Given the central role of the RAD51 filament in HR, its assembly and disassembly are tightly regulated toSWSAP1 (Liu et al. 2011; Karpenshif and Bernstein 2012; Prakash et al. 2015) . The RAD51 paralogs form multiple subcomplexes including a novel complex containing SWSAP1 and its binding partner SWS1 (Miller et al. 2002; Liu et al. 2011) . Mutations in the RAD51 paralogs are associated with cancer predisposition and, in some cases, Fanconi anemialike syndromes (Vaz et al. 2010; Wang et al. 2015) , underscoring the importance of these proteins in maintaining genome stability. Nevertheless, progress in understanding the roles of these complexes in metazoans has been hampered by the embryonic lethality observed in mouse knockouts and the difficulty in attaining purified proteins for biochemical studies (Deans et al. 2000; Thacker 2005; Kuznetsov et al. 2009; Suwaki et al. 2011) .
Much of our understanding of the RAD51 paralogs comes from studies in budding yeast in which the Rad51 paralogs form two subcomplexes, the Shu complex (also called the PCSS complex) and the Rad55-Rad57 complex. The Shu complex is an obligate hetero-tetramer composed of Psy3, Csm2, Shu1, and Shu2, which facilitates HR-mediated DSB repair by stimulating Rad51 filament formation (Shor et al. 2005; Mankouri et al. 2007; Ball et al. 2009; Godin et al. 2013 Godin et al. , 2015 Hong and Kim 2013; Sasanuma et al. 2013; Gaines et al. 2015) . Csm2 and Psy3 are Rad51 paralogs whereas Shu2 is a member of the SWS1 protein family, defined by a highly conserved SWIM domain (Makarova et al. 2002; Martin et al. 2006; Godin et al. 2015) . Yeast with Shu complex disruptions exhibit sensitivity to the alkylating agent methylmethane sulfonate (MMS), increased mutations, decreased meiotic crossover (CO) formation, and reduced spore viability (Shor et al. 2005; Hong and Kim 2013; Sasanuma et al. 2013; Godin et al. 2015) . Unlike yeast and humans, only two RAD-51 paralogs, RFS-1 and RIP-1, are known in Caenorhabditis elegans. Both paralogs function in HR, mediating repair of DNA lesions in the mitotic and meiotic regions of the worm germline (Ward et al. 2007 (Ward et al. , 2010 Yanowitz 2008; Taylor et al. 2015) . Nevertheless, the relationship of the RAD-51 paralogs to a worm Shu complex remains largely unknown.
Although Shu complex function was thought to be conserved throughout eukaryotes, the poor amino acid conservation across species precluded identification of functional paralogs in other systems until recently. Evolutionary analyses of the SWIM domain led to the identification of C. elegans sws-1 as the homolog of Saccharomyces cerevisiae Shu2 . C. elegans provides several advantages for probing the function of sws-1. The germline is spatially and temporally organized such that the stages of meiotic prophase I-and their integrity-can be readily distinguished by DNA morphology (visualized by DAPI). The germline is a reliable source of programmed DSBs induced by the topoisomeraselike SPO-11 (Keeney et al. 1997) , and HR is the favored repair mechanism due to the need to form crossovers between homologous chromosomes (Cole et al. 2010) . Populations of C. elegans exist primarily as self-fertilizing hermaphrodites with two X chromosomes; rare nondisjunction of the X chromosome (,0.2% in wild type) results in viable males with a single X chromosome (XO). Nondisjunction of autosomes, by contrast, is lethal in most cases and can be ascertained by the presence of unhatched eggs (Hodgkin et al. 1979) . Thus, progeny viability and male frequency [high incidence of males (Him) phenotype] can intimate meiotic HR repair defects, although those phenotypes are not sufficient indicators on their own.
Using CRISPR/Cas9, we created a nonsense allele of sws-1 in C. elegans and probed the role of this conserved DNA repair factor in both mitotic and meiotic cells of the germline. We find that sws-1 is the functional homolog of S. cerevisiae Shu2, showing that (1) sws-1 mutants exhibit DNA damage sensitivity; (2) disruption of sws-1 results in reduced RAD-51 foci formation following camptothecin (CPT) treatment; and (3) SWS-1 interacts with the known C. elegans RAD-51 paralogs RFS-1 and RIP-1 (Ward et al. 2007; Taylor et al. 2015) . Our findings show for the first time the mitotic and meiotic role of sws-1 in the context of a metazoan and expand upon the known RAD-51 paralog-interacting proteins in worms.
Materials and Methods

Culture and strains
For all experiments, worms were cultured on NGM plates seeded with OP50 and grown at 20°unless otherwise noted (Brenner 1974) . Mutant strains used in this study were the following: LG I, syp-3(ok758), dog-1(gk10); LG III, rip-1(tm2948), rfs-1(ok1372), helq-1(tm2134); LG V, sws-1(ea12) (generation of strain described below); and LG X, unc-58(e665). rip-1, rfs-1 rip-1, and helq-1 were kindly provided by Simon Boulton; syp-3 by Sarit Smolikove; and dog-1 by Ann Rose. Other strains were provided by the Caenorhabditis Genetics Center. Double and triple mutants generated for this work were done so using standard genetic techniques and are listed in Supplemental Material, Table S1 . helq-1;sws-1 double mutants were maintained as heterozygotes due to lack of suitable genetic balancers and were genotyped in all experiments to confirm homozygosity of markers. Control animals used in this study are the homozygous wild-type self-progeny of an sws-1 heterozygote and did not differ phenotypically from our N2 stock (Table 1 , rows A and B).
Generation of sws-1(ea12)
Unique CRISPR guides near the start and stop codons of sws-1 were selected using the CRISPR design tool at http://crispr. mit.edu (see Table S2 for sequences of the primers used in single guide RNA design) . Primers were inserted into pDD162 (Peft-3::Cas9::tbb-2 39 UTR) using the Q5 Site-Directed Mutagenesis Kit (NEB) as described (Dickinson et al. 2013) . DNA from positive clones was isolated using the PureLinkHQ Mini Plasmid DNA Purification Kit (Invitrogen) and sequenced to verify the insertion. An injection mix consisting of 30 ng/ml dpy-10(cn64) repair oligo (Arribere et al. 2014) and 50 ng/ml each genomic RNA (gRNA) in pDD162 (one for dpy-10, two for sws-1) diluted in PureLink EB buffer (Invitrogen) was prepared and injected into N2 day 1 adult hermaphrodites. Roller progeny [dpy-10(cn64)/+] of injected hermaphrodites were isolated and allowed to lay eggs before being lysed in buffer for DNA isolation (0.1 M Tris, pH 8.5, 0.1 M NaCl, 0.05 M EDTA, 1% SDS, 0.1 mg/ml proteinase K). A region 300 bp around each Cas9 target site was amplified by PCR and resolved on a 2-3% agarose gel to identify products differing in size from an uninjected control (Table S2 and Figure 1 , A and B). This approach yielded one candidate founder strain with an insertion near the start codon; we did not detect any mutations near the stop codon (data not shown). PCR product from the founder strain was purified (NucleoSpin Gel and PCR Clean-up Kit, Macherey-Nagel), sequenced, and aligned with wild-type sequence to identify mutations. The candidate allele was outcrossed to N2 multiple times to lose the dpy-10(cn64) allele and any potential (although unanticipated) off-target mutations (Paix et al. 2014) .
Gene expression
A population of 1000 day 1 adult hermaphrodites were washed three times in 13 M9 buffer (3 g/liter KH2PO4, 6 g/liter Na2HPO4, 5 g/liter NaCl, 1 mM MgSO4), resuspended in Trizol (Invitrogen), and vortexed for 60 sec before being flash-frozen and stored at 280°. Worms were further disrupted by three freeze-thaw cycles in which samples were thawed in cold water, vortexed 30 sec, and frozen at 280°. RNA was isolated by chloroform extraction and isopropanol precipitation and resuspended in nuclease-free water. Genomic DNA was removed using the DNaseI kit (SigmaAldrich, AMPD1-1KT) according to the manufacturer's instructions. RNA quality was measured by a spectrophotometer.
Reverse transcription was performed using the TaqMan High Capacity RNA-to-cDNA kit (Applied Biosystems) according to the manufacturer's instructions. Comparative threshold cycle (C T ) experiments were performed according to the manufacturer's instructions using TaqMan Fast Universal No AmpErase UNG PCR Master Mix and TaqMan gene expression assays for CELE_Y39B6A.40 (sws-1) and reference gene rpl-32 (Hoogewijs et al. 2008 ) (Thermo Fisher Scientific). Reactions were run in triplicate and analyzed with Applied Biosystems Fast PCR System and StepOne Software using the comparative CT method (Schmittgen and Livak 2008) .
Brood size/lethality/him frequency L4 hermaphrodites of a given genotype were individually plated and transferred to a clean plate every 12 hr until egg laying ceased. After transfer, the number of eggs and L1's on the plate was counted and recorded. Three to four days later, each plate was scored for the number of adult hermaphrodites and males. Time-point data from each individual parent was combined to give total eggs, total adult brood, and total males. Percentage of hatching was calculated by dividing total adults by total eggs, multiplying by 100, and then subtracting from 100 to give the percentage of lethality. Percentage of lethality was normalized to N2 to account for 3% error in egg counts. To calculate male frequency, the total number of males was divided by the total number of adults. The data are presented as the mean 6SEM from isogenic parents.
Developmental arrest assay
Developmental arrest in unstressed larvae was assayed as previously described (Craig et al. 2012) . Briefly, 100 L1 larvae of a given genotype were plated onto center-seeded 3-cm dishes in triplicate. After 48-60 hr, the number of adult, L3-L4, and L1-L2 worms on each plate was counted. To calculate larval arrest, the number of worms in each developmental stage was divided by the total number of worms counted.
Mutation frequency
Mutation frequency of sws-1(ea12) was assessed as described previously (Harris et al. 2006) . Briefly, sws-1(ea12);unc-58(e665) and unc-58(e665) homozygotes were grown on 40 6-cm plates until starvation and then transferred by chunking to 100 10-cm plates containing a streak of OP50 opposite the agar chunk. Plates were scored by eye for the presence of Unc revertants that could reach the OP50. Mutation frequency was calculated as described (Harris et al. 2006) . Mutation frequency of sws-1(ea12) in the dog-1 background was assessed as described previously (Youds et al. 2006) . Briefly, generation-matched (F 3 ) dog-1(gk10) and dog-1(gk10);sws-1(ea12) day 1 adults were individually lysed in buffer for DNA isolation. The poly G/C tract of vab-1 was amplified by PCR (primers and conditions Brood size, lethality, and male frequency were collected as described in Materials and Methods (n = number of worms). "% lethal 6 SEM" is normalized to N2 (row A) to account for a 3% counting error. Differences between wild type and sws-1 were assessed by Mann-Whitney (*P , 0.05); differences in lethality and male frequency among genetic combinations of sws-1, rip-1, and rfs-1 were assessed using one-way ANOVA with multiple comparisons (Table S3 and Table S4 ).
described in Youds et al. 2006 ) and resolved on a 1.5% agarose gel. The presence of one or more bands below the expected product size signified a deletion event.
Genotoxin sensitivity assays
Details for each genotoxin exposure are described below. In all assays, the number of eggs and L1's were counted at the end of the collection window. Three to four days later, each plate was scored for the number of adult progeny. Survival was calculated as the number of adult progeny divided by the number of eggs/L1's relative to untreated worms 6SEM from 22 to 50 adults over two trials.
Ionizing radiation L4 hermaphrodites were plated on each of four 6-cm plates with 30-100 worms/plate depending on genotype and IR dose. The following day, worms were exposed to 0, 10, 50, or 100 Gy of IR from a 137Cs source (Gammacell1000 Elite, Nordion International Inc.). Twelve hours post-irradiation, worms were plated (two worms per 3-cm dish) and allowed to lay for 12 hr before removal and egg counts.
Methyl methanesulfonate
L4 hermaphrodites were incubated in 0, 0.0025, 0.005, and 0.01% MMS (50-9480886, Fisher Healthcare) dissolved in 13 M9 buffer for 12 hr at room temperature with mild agitation. Following exposure, worms were washed, transferred to plates, and allowed to recover for 12 hr. Post recovery, worms were plated (two worms per 3-cm dish) and allowed to lay for 12 hr before removal and egg counts.
Camptothecin
CPT exposure was performed as described with minor alterations (Kessler and Yanowitz 2014) . Briefly, young adult hermaphrodites were incubated in 0, 250, 500, and 1000 nM CPT (ICN15973250, Fisher Healthcare) dissolved in 13 M9, pH 6.0, buffer and 0.2% DMSO for 18 hr at room temperature with mild agitation. Following exposure, worms were washed, transferred to plates, and allowed to recover for 3 hr. Post recovery, worms were plated (five worms per 3-cm dish) and allowed to lay for 4 hr before removal and egg counts.
To assess DNA damage-induced apoptosis in response to CPT, young adult hermaphrodites were treated, washed, and allowed to recover as described above. Post recovery, worms were exposed to acridine orange (AO) (Invitrogen A3568) as previously described (Lant and Derry 2014) . Worms that were verified to have taken up the stain were mounted in levamisole and observed on a compound microscope with fluorescence. Cells in the pachytene-diplotene region of the germline that retained AO were scored as apoptotic. The data are presented as mean AO-positive nuclei 6 SEM from 25 germlines.
Hydroxyurea
Hydroxyurea (HU) (H8627, Sigma-Aldrich) was dissolved in 60°NGM to final concentrations of 0, 8, 12, and 25 mM, poured into 3-cm dishes to solidify, and used within 24 hr. Table S2 ). ea12 is a 3-bp deletion/83-bp insertion in exon 2. (B) Representative image of ea12 genotyping using primer combination 1 and 2 as shown in A. The mutant allele is readily detected as the slower migrating band on a 2% agarose gel. (C) Predicted protein sequence of exon 2 of wt (top) and ea12 (bottom) SWS-1. sws-1(ea12) is predicted to produce the first 19 amino acids of the wild-type SWS-1 protein followed by 32 frameshifted amino acids prior to truncation (underlined letter marks beginning of frameshift). (D) Expression of sws-1 mRNA in wildtype and sws-1(ea12) hermaphrodites. The data are presented as the mean expression of sws-1 relative to reference gene rpl-32 6 SEM for two biological replicates. (E) Developmental progression of wild type and sws-1. For each genotype, 100 L1's were plated in triplicate and scored 50 hr later as L1-L2, L3-L4, or adult. The results shown are the percentage of total worms in each developmental stage. A subset of sws-1 mutants arrested as L1-L2 larvae (P , 0.001 vs. wt, Fisher's exact test).
Plates were seeded with heat-killed OP50 (Kessler and Yanowitz 2014 ) and dried for 45-60 min under a fume hood. L4 hermaphrodites were incubated on HU plates for 20 hr at 20°. Following exposure, worms were moved to plates with drug-free NGM and live OP50 (two to four worms per 3-cm dish) and allowed to lay for 12 hr before removal and egg counts.
Immunofluorescence
Day 1 adult hermaphrodites were dissected in PBS/levamisole and fixed in 0.5% triton/1% paraformaldehyde for 5 min in a humid chamber. Slides were freeze-cracked and briefly immersed in methanol. Following fixation, slides were washed in PBST and incubated in primary antibody [a-RAD-51, kindly provided by Verena Jantsch, 1:5000; a-XND-1 (Wagner et al. 2010 (Wagner et al. ), 1:2000 overnight at 4°. Next day, slides were washed and incubated in secondary antibody (a-rabbit 568, 1:2000; a-guinea pig 633, 1:2000) for 2 hr at room temperature in the dark. Slides were mounted in Prolong Gold with DAPI (Life Technologies) and imaged on a Nikon A1r confocal microscope using a 633 Plan Fluor objective with 0.2-mm step sizes. Images were quantified using Volocity 3D software (PerkinElmer). RAD-51 foci were quantified by dividing the region from leptotene (transition zone) through the pachytene-diplotene border into six even zones (based on physical distance in micrometers) and individually scoring RAD-51 foci in each nucleus by scrolling through the images in the Z-dimension. RAD-51 counts were confirmed by examining 3D renderings of nuclei. Graphs represent the averages of three germlines for each genotype (Figure 3 ).
Yeast two-and three-hybrid plasmid construction
A population of predominately adult N2 hermaphrodites were washed three times in 13 M9 buffer, flash-frozen in RNAzol (Invitrogen), and stored at 280°. RNA was isolated by chloroform extraction and isopropanol precipitation and resuspended in DEPC water. Purity was verified by spectrophotometry. Complementary DNA (cDNA) synthesis was performed as described previously (Fukushige and Krause 2012) . cDNA was diluted 1:15 in deionized water prior to further use.
Yeast two-hybrid (Y2H) plasmids were created from pGAD-C1 and pGBD-C1. The additional plasmid used in yeast threehybrid (Y3H) analysis was created from pRS-ADH-416. pGAD-SWS-1 was synthesized by Genewiz (Gene Synthesis Services, South Plainfield, NJ) using codon-optimized sequences for expression in S. cerevisiae. pGBD-SWS-1 was created by subcloning SWS-1 into pGBD using 59 SmaI and 39 BglII restriction sites. SWIM domain mutants were made by site-directed mutagenesis of the pGAD-SWS-1 plasmid for SWS-1-C133S (SWS-1. C133S.F and SWS-1.C133S.R) and SWS-1-A156T (SWS-1. A156T.F and SWS-1.A156T.R) (Table S2) . pGAD-RIP-1 and pGAD-RFS-1 were constructed using standard restriction digestion and ligation techniques. First, PCR amplification was used for the coding regions of both rip-1 and rfs-1 genes from N2 cDNA using oligonucleotide pairs RIP-1.F/RIP-1.R and RFS-1. F/RFS-1.R, respectively (Table S2) . rip-1 was subcloned into pGBD and pRS-ADH-416 using 59 BamHI and 39 SalI restriction sites. Walker B motif mutant was made by site-directed mutagenesis (RIP-1.D131A.F and RIP-1.D131A.R; Table S2 ) of pGBD-RIP-1. rfs-1 was subcloned into pGBD using 59 EcoRI and 39 BglII restriction sites. All other plasmids were constructed as previously described .
Yeast two-and three-hybrid assays Yeast strains, media, and yeast two-hybrid assays were performed as previously described with the following modifications. For Y2H analysis, pGAD and pGBD plasmids were cotransformed into the PJ69-4A Y2H strain (James et al. 1996) and 1 mM histidine competitive inhibitor, 3-amino-1,2,4-triazole (3AT), was used to detect more stringent Y2H interactions (SC2LEU2TRP2URA+3AT; Sigma Aldrich). For Y3H analysis, pGAD, pGBD, and pRS-ADH-416 (with URA selection marker) plasmids were cotransformed into the PJ69-4A Y2H strain. Yeast were selected for expression by growth on SC2LEU2TRP (Y2H) or SC2LEU2TRP2URA (Y3H) solid medium. Plates were grown for 2-4 days at 30°and photographed.
Data availability
Strains are available upon request. Supplemental Table S1 contains a list of all C. elegans strains generated in this study.
Results
sws-1 contributes to germline HR repair
We generated an sws-1 allele using CRISPR/Cas9-mediated genome engineering (Figure 1 , A and B, and Materials and Methods) (Dickinson et al. 2013; Arribere et al. 2014) . Using this approach, we identified a founder strain with a 3-bp deletion/83-bp insertion in exon 2 just downstream of the predicted Cas9 cleavage site, designated as ea12 (Figure 1, A and B, and Figure S1 ). Interestingly, the dpy-10(cn64) repair oligo donated most of the sequence for the insertion. sws-1(ea12) (hereafter referred to as sws-1) is predicted to produce the first 19 amino acids of the wild-type SWS-1 protein followed by 32 frameshifted amino acids prior to truncation ( Figure 1C ). Given the substantial truncation of the protein, including the conserved SWIM domain encoded in exon 4 ( Figure 1A) , and that disruption of the SWIM domain in S. cerevisiae Shu2 results in a nonfunctional protein , we expect ea12 to be a null allele. Consistent with the presence of a premature stop codon, which triggers nonsense-mediated messenger RNA (mRNA) decay, we detect approximately fivefold less sws-1 mRNA in sws-1(ea12) hermaphrodites compared to wild type ( Figure 1D) .
sws-1 homozygotes are viable, although they exhibit decreased survival compared to their wild-type counterparts (P = 0.0399, Mann-Whitney) ( Table 1 , rows B and C). This decrease in survival is not solely attributable to embryonic lethality, as we found that a small but significant percentage of sws-1 homozygotes fail to develop past the L2 stage [P , 0.001 vs. wild type (wt), Fisher's exact test] ( Figure 1E ). We also observed a fourfold increase in male frequency compared to their wild-type counterparts (P = 0.0114, MannWhitney) (Table 1 , rows B and C). These results suggest that sws-1 is required for both normal development and X chromosome disjunction.
In other eukaryotes, such as S. cerevisiae, the Rad51 paralogs and a SWIM domain-containing protein form the Shu complex and share HR phenotypes (Shor et al. 2005; Mankouri et al. 2007) . Therefore, we asked whether sws-1 mutants would exhibit similar phenotypes to RAD-51 paralog mutants in worms. In C. elegans, the two known RAD-51 paralogs, rfs-1 and rip-1, confer reduced survival and him phenotypes (Ward et al. 2007; Yanowitz 2008; Taylor et al. 2015) . Importantly, the reduced survival and him phenotypes of sws-1 resembled those of rfs-1 and rip-1 (Table 1 , rows D and F), suggesting that sws-1 may have an analogous role in HR repair. To test this, we analyzed the viability and cytology of helq-1;sws-1 double mutants. helq-1 encodes a conserved DNA helicase that functions in HR-mediated repair during replication stress and meiosis (Muzzini et al. 2008; Ward et al. 2010) . In meiosis, helq-1 exhibits synthetic lethality with both rfs-1 and rip-1 due to persistent HR intermediates, suggesting that helq-1 and rfs-1/ rip-1 perform overlapping roles in DSB repair (Ward et al. 2010; Taylor et al. 2015) . Whereas helq-1 single mutants exhibited low levels of lethality (3.6%), helq-1;sws-1 double mutants displayed 63% lethality in the F 2 generation ( Figure  2A) . Analysis of diakinesis-stage nuclei in helq-1;sws-1 hermaphrodites revealed chromatin abnormalities associated with impaired DSB repair-including decondensed chromatin, DNA fragments, and chromosome aggregates-in nearly all nuclei scored (Figure 2 , B and C). The redundancy with helq-1 indicates that sws-1 functions in HR repair and raises the possibility that sws-1 functions with the RAD-51 paralogs in this role.
We reasoned that, if sws-1 is required for HR repair during meiosis, we might observe a change in RAD-51 dynamics compared to wild type. We quantified RAD-51 foci in wild-type and sws-1 germlines from the onset of leptotene [transition zone (TZ)] through pachytene, the time at which SPO-11-induced DSB breaks are made and repaired (Figure 3) . In wild-type germlines, RAD-51 foci first appear in the TZ, peak during early pachytene and then disappear by late pachytene as HR progresses (Alpi et al. 2003) (Figure 3, wt) . Similar to wild type, most sws-1 nuclei had no RAD-51 foci upon entry to meiosis (Figure 3 , zone 1), and RAD-51 foci slowly accumulated as nuclei progressed into pachytene. However, in later stages of pachytene, a greater proportion of sws-1 nuclei had seven or more RAD-51 foci than their wildtype counterparts ( Figure 3A , P , 0.05 for seven to eight foci in zone 3, P , 0.0001 for more than nine foci in zone 3, P , 0.05 for more than nine foci in zone 4, Student's t-test). Although this may be explained by increased formation of DSBs, the exclusively late-pachytene persistence of RAD-51 foci suggests that sws-1 nuclei were delayed in removing RAD-51 foci. At the latepachytene-diplotene border, the proportion of nuclei containing RAD-51 foci was again similar to wild type (Figure 3 , zone 6), indicating that all DSBs are eventually repaired.
The observation that RAD-51 foci eventually resolve in sws-1 germlines ( Figure 2B and Figure 3A) left us curious about the cause of lethality in sws-1 mutants. C. elegans exhibits strong CO control such that only one DSB per chromosome pair becomes an interhomolog CO (Barnes et al. 1995; Meneely et al. 2002; Hillers and Villeneuve 2003) . One possible explanation for the lethality, then, is that sws-1 mutants are deficient in HR repair of DSBs not designated to be repaired as interhomolog COs. To test this hypothesis, we analyzed the competency of sws-1 mutants for intersister HR by examining the cytology of diakinesis-stage oocytes in syp-3;sws-1 double mutants ( Figure S2 ). syp-3 is a component of the synaptonemal complex (SC) that holds homologs together during meiosis. In the absence of the SC, HR repair between homologous chromosomes cannot occur, and DSBs are repaired from the sister chromatids. Consequently, syp-3 mutants exhibit an average of 11.6 condensed DAPI-staining bodies at diakinesis ( Figure S2 ) (Smolikov et al. 2007a,b) . We did not observe a significant change in either number or morphology of DAPI-staining bodies at diakinesis between syp-3 and syp-3;sws-1 mutants ( Figure S2 ), suggesting that sws-1 mutants are competent for intersister HR.
A second possibility is that sws-1 mutants have an increased reliance on error-prone DSB repair pathways. If this is the case, sws-1 might be expected to show an increase in spontaneous mutation rate, which can be assessed by the reversion to wild-type movement of unc-58(e665), a missense gain-of-function mutation that confers paralysis (Harris et al. 2006) . Although not significantly different from controls, sws-1;unc-58 mutants exhibited a trend toward increased mutation rate with an approximately threefold increase in reversion to non-Unc offspring compared to unc-58 alone (Table 2 , P = 0.4058, Student's t-test). These observations are consistent with what has been reported for rfs-1 mutants (Yanowitz 2008) and may suggest that HR factors are not critical for correction of mismatches during DNA replication. However, HR factors, including rfs-1, have been shown to be important for maintaining the integrity of poly-G/C tracts in the absence of the helicase dog-1, which prevents the formation of deletions in G/C-rich DNA by unwinding secondary DNA structures that hinder replication fork progression (Cheung et al. 2002; Youds et al. 2006; Ward et al. 2007) . We observed increased deletion frequency in dog-1;sws-1 mutants compared to dog-1 alone (Figure 4 , P = 0.0386, Fisher's exact test), suggesting increased reliance on mutagenic repair pathways in the absence of sws-1. Collectively, these results suggest that sws-1 functions in HR and is important for maintaining genome integrity during DNA replication.
sws-1 mutants are sensitive to genotoxins that induce HR substrates
In C. elegans, both rfs-1 and rip-1 mutants display sensitivity to DSB-inducing agents, especially those that obstruct unc-58 reversion assay was carried out as described in Materials and Methods. A plate was scored as having a reversion event if it contained wild-type moving worms. Mutation frequency was calculated by dividing the proportion of plates with reversion events by the number of haploid genomes per plate. The data are presented as the mean mutation frequency 6 SEM for four trials.
replication fork progression (Ward et al. 2007; Taylor et al. 2015) . To further investigate the role of sws-1 in HR repair, we exposed hermaphrodites to a subset of genotoxins that create HR repair substrates: IR, MMS, HU, or CPT. The survival of the offspring laid post exposure reflects the repair capacity in the hermaphrodite germline. As shown in Figure  5 , we observed a modest, but statistically significant, increased sensitivity of sws-1 mutants to IR, MMS, and HU compared to their wild-type counterparts ( Figure 5 , A-C). By contrast, sws-1 mutants were dramatically more sensitive than wild type to CPT ( Figure 5D ). The reduced progeny survival following CPT treatment was accompanied by a twofold increase in apoptotic germline nuclei ( Figure S3 ), indicating that sws-1 meiotic nuclei were unable to repair CPT-induced DSBs. This increased sensitivity to CPT may suggest that sws-1 plays a more prominent role in the repair of a specific subset of DSB-inducing lesions. The S. cerevisiae Shu complex has been shown in vitro to promote Rad51-mediated repair in concert with Rad52 and the Rad55-Rad57 heterodimer by stimulating Rad51 loading onto ssDNA and stabilizing it thereafter (Gaines et al. 2015) . Further studies in S. cerevisiae suggest that the Shu complex promotes Rad51 assembly on meiotic chromosomes in vivo based on a reduced number of Rad51 foci in Shu complex mutants (Sasanuma et al. 2013) . In C. elegans, the RAD-51 paralogs, rfs-1 and rip-1, stabilize RAD-51 foci in response to cisplatin, nitrogen mustard, and UV (Ward et al. 2007; Taylor et al. 2015) . We reasoned that the increased sensitivity of sws-1 mutants to CPT may stem from a failure to stabilize RAD-51 presynaptic filaments at damage sites. To test this hypothesis, we visualized RAD-51 foci by immunofluorescence ( Figure 6 ). In wild-type and sws-1 germline nuclei under normal conditions, RAD-51 foci were rarely, if at all, seen in the mitotic zone ( Figure 6A ). In response to CPT treatment, RAD-51 foci were readily visible throughout the mitotic zone nuclei in wild-type germlines, indicative of ongoing HR repair (compare Figure 6 , A and C). In contrast, we observed a striking absence of RAD-51 foci in the mitotic zone of sws-1 germlines following CPT exposure (compare Figure 6 , B and D). These results suggest that the sensitivity of sws-1 mutants to CPT may be due to a failure to undergo HR repair.
RIP-1 interacts with SWS-1 by yeast two-hybrid and bridges an interaction between SWS-1 and RFS-1 by yeast three-hybrid
The HR repair defects of sws-1 mutants, including synthetic lethality with helq-1, resemble those of the RAD-51 paralogs rfs-1 and rip-1 (Ward et al. 2007 (Ward et al. , 2010 Taylor et al. 2015) . To further explore if these factors act in the same pathway, we compared the lethality and male frequency of double-and triple-mutant combinations of sws-1, rfs-1, and rip-1 (Table 1 , rows C-I). We observed that the incidence of lethality was statistically unchanged between the rfs-1,rip-1;sws-1 triple mutant and any of the single mutants (ANOVA, P . 0.05). Curiously, the lethality of rip-1;sws-1 double mutants exhibited reduced lethality compared to the rfs-1,rip-1;sws-1 triple mutant (P , 0.05, Tukey's test, Table S3 ), although there was no statistical difference in lethality between rip-1;sws-1 and either rfs-1;sws-1 or rfs-1,rip-1 double mutants. Furthermore, the lethality of the rfs-1,rip-1;sws-1 triple mutant is well below the additive value predicted from each single mutant, suggesting that the cause of lethality is shared. The male frequency of rfs-1,rip-1;sws-1 triple mutants was unchanged from either rfs-1 or rip-1 single mutants, but significantly increased compared to sws-1 single mutants (P , 0.05, Tukey's test, Table S4 ). This result is consistent with the observation in yeast that psy3 or csm2 mutants exhibit more severe phenotypes compared to shu1 or shu2 mutants (Sasanuma et al. 2013; Godin et al. 2015) and highlights the importance of the RAD-51 paralogs in Shu complex function.
In yeast and human cells, Shu2/SWS1 is found in complexes with the Rad51 paralogs Csm2-Psy3 and SWSAP1, respectively (Martin et al. 2006; Liu et al. 2011; Godin et al. 2013 Godin et al. , 2015 . To determine if SWS-1 similarly interacts with the known RAD-51 paralogs in C. elegans, we performed Y2H analysis, fusing SWS-1, RFS-1, or RIP-1 to the GAL4 activation domain (pGAD) and the GAL4 DNA-binding domain (pGBD). By Y2H, SWS-1 interacted directly with RIP-1 but not RFS-1 in both configurations ( Figure 7A and Figure S4 ). Since yeast Shu2 interacts with the other Shu complex members Shu1 and Psy3, and human SWS1 directly interacts with SWSAP1, we next examined if worm SWS-1 could interact with any other member of the yeast Shu complex or with human SWSAP1 by Y2H. We were unable to detect a cross-species Y2H interaction between worm SWS-1 and the other yeast or human Shu complex members ( Figure S5 and data not shown). These data make it unlikely that the yeast Shu complex members are bridging an interaction between SWS-1 and RIP-1. Figure 4 sws-1 maintains G/C tract stability in the absence of dog-1. (A) Amplification of the vab-1 G/C tract in dog-1 (top) and dog-1;sws-1 (bottom) mutants. Deletions in the amplified region are observed as fastermigrating bands on a 1.5% agarose gel (black arrows). (B) Quantification of deletion frequency in wild type (wt), sws-1, dog-1, and dog-1;sws-1 mutants. Number of individual animals with one or more deletions in the vab-1 G/C tract as described in A are indicated. *P , 0.05, Fisher's exact test.
Rather, these data support the conclusion that SWS-1 and RIP-1 directly interact and comprise core components of the worm Shu complex.
Based on the known Y2H interaction between RIP-1 and RFS-1 (Taylor et al. 2015) (Figure 7A ), we hypothesized that RIP-1 may bridge an interaction between SWS-1 and RFS-1. Figure 5 sws-1 mutants are sensitive to genotoxins that induce HR repair substrates. Progeny survival of hermaphrodites treated with IR (A), MMS (B), HU (C), or CPT (D) as described in Materials and Methods. Survival was calculated as the number of adult progeny divided by the number of eggs and L1's relative to untreated worms 6 SEM from at least 22 adults over two trials. Statistical analysis was performed using Student's ttest (*P , 0.01, **P , 0.0001). Figure 6 sws-1 fails to form mitotic RAD-51 foci following CPT treatment. Immunofluorescence of RAD-51 with or without CPT exposure in germlines of wild type (wt) (A and C) and sws-1 (B and D) hermaphrodites. Treated worms were exposed to 500 nM CPT as described in Materials and Methods and dissected at the end of the recovery period. Immunostaining conditions are described in Materials and Methods. White dashed line marks the beginning of transition zone. XND-1 immunofluorescence serves as a staining control. Bar, 20 mm.
To test this possibility, we performed a Y3H assay in which SWS-1 was again expressed as a fusion with the GAL4 activation domain and RFS-1 as a fusion with the GAL4 DNAbinding domain, but in this case a third, untagged, vector expressing RIP-1 or an empty vector was coexpressed (pRS416-RIP-1 or pRS416, respectively) ( Figure 7B ). By Y3H, we find that in the presence of RIP-1, but not the empty vector control, SWS-1 and RFS-1 confer growth on the Y3H medium, suggesting that these proteins are now able to interact ( Figure 7B) . Together, these studies suggest that RIP-1 facilitates ternary complex formation with SWS-1 and RFS-1.
SWIM domain in SWS-1 and the Walker B motif in RIP-1 are important for their yeast two-hybrid interaction
We originally identified SWS-1 because of its invariant SWIM domain, a zinc-finger-binding-like motif (CxCxnCxHxxA, "n" being 6-25 residues), which we found to be important for Sws1 protein family Y2H interactions with the Rad51 paralogs in yeast and humans . Therefore, we wondered whether the SWIM domain of SWS-1 would be important for its interaction with RIP-1. We mutated the second cysteine of the SWIM domain to serine (sws-1-C133S) in the Y2H expression vector and retested the functionality of this protein to support growth on SC2HIS medium or the more stringent SC2HIS+3AT medium, where 3AT is a competitive inhibitor of histidine. As shown in Figure 5 , sws-1-C133S abrogated the Y2H interaction between SWS-1 and RIP-1 (Figure 7C) . Previously, we identified a cancer-associated mutation in human SWS1 on the COSMIC database where the invariant alanine was mutated to a threonine . Therefore, we made the analogous mutation in SWS-1 and found that sws-1-A156T maintains its interaction with RIP-1 at lower stringencies but exhibited reduced Y2H interaction upon more stringent conditions ( Figure 7C ; plating on SC-HIS medium vs. SC-HIS+3AT). Together, these results suggest that the SWIM domain in SWS-1 is important for its interaction with RIP-1.
RIP-1 is defined as a RAD51 paralog by the presence of a conserved Walker B-like motif. Therefore, we next asked whether the Walker B motif is important for its interaction with SWS-1. By Y2H, expression of a RIP-1 Walker B mutant, rip-1-D131A, disrupts interaction with both wild-type SWS-1 and the SWS-1 SWIM domain mutants (C133S and A156T) ( Figure 7C ). Interestingly, rip-1-D131A was found to maintain its Y2H interaction with RFS-1 under the same conditions (Taylor et al. 2015) . Therefore, RIP-1 interacts with SWS-1 through its Walker-B-like motif. C. elegans sws-1 was identified as a putative Shu2 homolog based on the presence of a conserved SWIM domain, . Two SWIM domain mutations were created in SWS-1, C133S, and A156T. SWS-1-C133S disrupts interaction with RIP-1 (row 2 in C). SWS-1-A156T decreases interaction with RIP-1 on -HIS+3AT (row 3 in C). A Walker B motif mutation that disrupts interaction with SWS-1, SWS-1-C133S, and SWS-1-A146T (column 2 in C) was introduced into RIP-1.
although no functional analysis was performed . Using a nonsense allele of sws-1 (Figure 1) , we show that sws-1 is involved in HR in the germline. sws-1 mutants exhibit mild reduction in viability and increased male frequency compared to wild type (Table 1) The mildness of these sws-1 phenotypes belies its importance when worms are further compromised by loss of helq-1. helq-1; sws-1 double mutants exhibit synthetic lethality and diakinesis oocytes with severe chromosomal abnormalities (Figure 2) . These results indicate functional redundancy of sws-1 and helq-1 for meiotic HR repair. Impaired meiotic HR functions become obvious in sws-1 single mutants based on the sensitivity to DSB-inducing agents and, perhaps most significantly, increased accumulation of RAD-51 in mid-late pachytene nuclei.
The clear substrate preference for SWS-1 at replication forks implicates a mitotic role: first, sws-1 is needed to maintain poly-G/C tract stability in the absence of dog-1 (Figure 4) , which is predicted to function during DNA replication (Youds et al. 2006) ; second, sws-1 mutants are most sensitive to CPT, which induces DSBs by blocking replication forks ( Figure 5) ; third, RAD-51 foci were notably absent in sws-1 mitotic nuclei following CPT treatment ( Figure 6 ). However, the timing of our genotoxin exposure assays is consistent with assessing repair capacity of meiotic nuclei (Jaramillo-Lambert et al. 2007; Kessler and Yanowitz 2014) . Consistent with this, we observed a twoand fourfold increase in germline apoptosis following treatment with CPT in sws-1 and rfs-1 hermaphrodites, respectively ( Figure  S3 ). Collectively, these results suggest that sws-1 promotes HR by stabilizing RAD-51 at specific HR substrates in both mitosis and meiosis, as has been shown for rfs-1 and rip-1 (Ward et al. 2007; Taylor et al. 2015) . Using this cell biological approach, we cannot distinguish if SWS-1 promotes RAD-51 loading or stabilizes RAD-51 after it has loaded onto ssDNA, as previous work with RFS-1 and RIP-1 has suggested (Taylor et al. 2015) .
The similar phenotypes of sws-1 and the RAD-51 paralogs rfs-1 and rip-1 (Ward et al. 2007 (Ward et al. , 2010 Taylor et al. 2015) prompted us to examine whether these genes function together in HR repair. The lack of additive lethality among double-and triplemutant combinations strongly suggests that they function together (Table 1 and Table S3 ). In support of this notion, we observe a direct interaction between SWS-1 with RIP-1 and RFS-1 by Y2H (Figure 7 ). Taken together, our results suggest that SWS-1, RIP-1, and RFS-1 form a conserved complex to promote RAD-51-dependent HR (Figure 8 ). We note that rfs-1 mutants have a higher male frequency than sws-1, which likely contributes to the increased male frequency in the triple mutants (Table 1 and  Table S4 ). While we cannot rule out that rfs-1 may have additional roles outside of the Shu complex, it may be that mutation of rfs-1 may have more severe consequences than other members of the complex because it directly mediates an interaction with RAD-51 (Ward et al. 2010; Taylor et al. 2015) .
C. elegans Shu complex is composed of SWS-1, RIP-1, and RFS-1
Budding and fission yeast as well as the human Shu complexes have been defined as consisting of an SWS1 protein family member and its associated RAD51 paralog interacting partners (Shor et al. 2005; Martin et al. 2006; Liu et al. 2011) . Using this definition, we propose that C. elegans contains a Shu complex composed of SWS-1, RIP-1, and RFS-1 ( Figure  8 ). Previously, we have shown that yeast Shu2 is most closely related to SWS-1 in C. elegans using sequence homology to the conserved SWIM domain; however, it remained unknown whether this conservation was limited to its sequence or if it extended to SWS-1 protein function . Given the embryonic lethality observed in the knockout models of the mouse RAD51 paralogs (Deans et al. 2000; Thacker 2005; Kuznetsov et al. 2009; Suwaki et al. 2011) , our work in C. elegans provides a unique opportunity to study Shu complex disruption in a multicellular organism. Here we demonstrate the first evidence for a functional worm Shu complex consisting of SWS-1 and RIP-1, which likely directly interact through the SWIM domain of SWS-1 and the Walker B motif of RIP-1. Note that it is possible that the sws-1 SWIM domain mutants may not be properly folded or expressed. Additionally, RIP-1 bridges an interaction between SWS-1 and RFS-1 (Figure 7 and Figure 8 ). Unlike yeast and humans, only two RAD-51 paralogs have been identified in worms (Ward et al. 2007; Taylor et al. 2015) . One possibility is that the worm RAD-51 paralogs RFS-1 and RIP-1 are sufficient to perform all the various functions of the RAD-51 paralogs described in other eukaryotes. Alternatively, additional RAD-51 paralogs have yet to be identified in C. elegans. Importantly, the budding yeast Csm2 and Psy3 proteins were shown to be Rad51 Figure 8 Model of Shu complex function in promoting Rad51-mediated repair. After a double-strand break occurs, the Shu complex in budding yeast, worms, or humans is recruited to sites of DNA damage where it subsequently promotes RAD51-dependent repair. In budding yeast, the Shu complex is composed of a SWIM domain containing protein, Shu2, the Rad51 paralogs Csm2-Psy3, and Shu1. In humans the exact components of the Shu complex are not completely known but consist of the SWIM-domain-containing protein SWS1 and its associated RAD51 paralog SWSAP1. Here we define the worm Shu complex to consist of SWS-1 and the RAD-51 paralogs RFS-1 and RIP-1, where SWS-1 directly interacts with RIP-1 through the SWIM domain of SWS-1 and the Walker-B motif of RIP-1. RIP-1 bridges an interaction between SWS-1 and RFS-1, suggesting that it can interact with both proteins simultaneously. SWS1 family members are depicted by dark gray circles with a black outline and the other Shu complex components by light gray circles.
paralogs only upon crystallization as their sequence conservation to Rad51 is extremely poor (She et al. 2012; Tao et al. 2012; Sasanuma et al. 2013) . Furthermore, the poor sequence conservation of Rad51 paralogs between species and our inability to complement yeast harboring disruptions of the Shu complex genes with worm proteins also makes direct comparisons between the individual Rad51 paralogs challenging (data not shown). Therefore, further studies will be important for determining whether additional RAD-51 paralogs exist in worms and which RAD-51 paralogs correlate with the functions attributed to the equivalent human and yeast proteins.
Substrate specificity of the worm Shu complex
We find that sws-1 mutants are most sensitive to the DNAdamaging agent camptothecin ( Figure 5 ). In contrast, budding yeast containing a deletion of the sws-1 ortholog shu2D exhibits a more pronounced sensitivity to MMS (Shor et al. 2005; Mankouri et al. 2007; Ball et al. 2009 ). Therefore, it is possible that the different DNA damage sensitivities observed for the Shu complex members relative to other more general HR factors may indicate a specialized role of SWS-1 in repair of specific types of DNA lesions. Camptothecin is a topoisomerase I inhibitor that would specifically become covalently modified on the ssDNA end and would therefore be converted into a DSB upon replication fork progression. It is intriguing to speculate that perhaps the specific sensitivity of sws-1 worms to camptothecin provides a framework for determining the types of DNA structures created during meiosis. Studies in yeast have shown that the Shu complex is important for driving homolog bias during meiosis, where the homologous chromosome is made the preferred partner for repair over the sister chromatid (Hong and Kim 2013; Sasanuma et al. 2013) . Therefore, additional mechanistic studies are needed to identify the preferred substrates for the Shu complex in both mitotic and meiotic repair. Importantly, our work on the worm Shu complex provides a new way in which to study disruption in the Shu complex in the context of a multicellular organism that will help us to determine why mutations in the human RAD51 paralogs are associated with cancer predisposition and in some cases Fanconi anemia. Figure S1 . Alignment of sws-1 exon 2 in N2 and ea12 mutants.
Sequencing data for exon 2 of sws-1 in N2 and sws-1(ea12) worms. PCR products were amplified with primers 1 and 2 and purified as described in Methods. Line marks both beginning of exon 2 and establishes translation frame. 
